Abstract A template-assisted synthetic method including the thermal polycondensation of guanidine hydrochloride (GndCl) was utilized to synthesize highly-organized mesoporous graphitic carbon nitride (mpg-C 3 N 4 ) photocatalysts. Comprehensive structural analysis of the mpg-C 3 N 4 materials were performed by XPS, XRD, FT-IR, BET and solid-state NMR spectroscopy. Photocatalytic performance of the mpg-C 3 N 4 materials was studied for the photodegradation of several dyes under visible and UV light illumination as a function of catalyst loading and the structure of mpg-C 3 N 4 depending on the polycondensation temperature. Among all of the formerly reported performances in the literature (including the ones for Degussa P25 commercial benchmark), currently synthesized mpg-C 3 N 4 photocatalysts exhibit a significantly superior visible light-induced photocatalytic activity towards rhodamine B (RhB) dye. Enhanced catalytic efficiency could be mainly attributed to the terminated polycondensation process, high specific surface area, and mesoporous structure with a wide pore size distribution.
Introduction
Functional materials synthesized by utilizing novel preparation strategies can be promising photocatalytic platforms that harvest renewable solar energy in order to eliminate hazardous industrial contaminants through energy-efficient pathways. Such economic and technological opportunities led to a rapid growth in the research focusing on photocatalytic materials in the recent decades [1] [2] [3] [4] [5] . Among such photocatalytic architectures, graphitic carbon nitride (g-C 3 N 4 ) that is the most stable allotrope of carbon nitride at ambient atmosphere stands out as one of the strong contenders in the photocatalytic air and water purification processes owing to its advantageous properties such as being cost-efficient, abundant, non-toxic, metal-free, and stable nature under ambient conditions with a low electronic band gap falling in the visible (VIS) range of the solar spectrum. [5] [6] [7] [8] . g-C 3 N 4 is a polymeric material which merely consists of two of the most readily accessible elements in the chemical industry, namely C and N, as well as some impurity H revealing a 2D/layered structure with a typical band gap of 2.7 eV which can be excited with VIS Electronic supplementary material The online version of this article (doi:10.1007/s11244-016-0654-3) contains supplementary material, which is available to authorized users.
photons of wavelength B460 nm [9] . This particularly advantageous electronic structure renders g-C 3 N 4 as one of the few efficient photocatalytic semiconductors that can be activated with VIS light illumination constituting a major portion of the solar spectrum. Furthermore, uniquely versatile chemical composition and surface structure of g-C 3 N 4 pave the way to diverse synthetic opportunities including surface functionalization, advanced nano/microstructure engineering, doping, deposition or coupling methods which can be exploited in order to obtain remarkable enhancement in the photocatalytic activity of g-C 3 N 4 -based family of materials. Among these synthetic opportunities, template-assisted methods are particularly beneficial as they enable fine-tuning of the surface, electronic, and morphological properties of g-C 3 N 4 and also allow the design of porous structures [10] [11] [12] [13] . Therefore, by exploiting such synthetic templating opportunities, mesoporous or microporous photocatalytic structures with a large surface area can be synthesized which in turn, may increase the number of exposed active sites of the photocatalyst, enhance VIS light absorption and improve photocatalytic activity.
In the current study, a cost-effective and a facile synthetic method utilizing the thermal polycondensation of guanidine hydrochloride (GndCl) precursor in the presence of a silica template was used to obtain mesoporous g-C 3 N 4 (mpg-C 3 N 4 ) materials. This is followed by a detailed structural characterization of the synthesized materials using a multitude of analytical techniques. In the light of these detailed characterization efforts, relative photocatalytic activity of the synthesized family of mpg-C 3 N 4 materials in the photodegradation of multiple organic pollutants-namely, rhodamine B (RhB), methyl orange (MO), bromocresol purple (BCP), and methylene blue (MB)-were investigated under visible (VIS) and ultraviolet (UV) light irradiation and compared to that of a commercial Degussa P25 benchmark catalyst.
Experimental
2.1 Synthesis of the mpg-C 3 N 4 mpg-C 3 N 4 materials used in the current work were prepared from the thermal polycondensation of GndCl in the presence of Ludox Ò HS40 colloidal silica as the template [14] . In this method, mpg-C 3 N 4 structure was acquired after an etching process [14] and the mesoporosity of the resulting material was verified by the measured BET specific surface area (SSA) of 200 m 2 g -1 . In the currently used synthetic protocol, 4.0 g of GndCl (for molecular biology, C99 %, Sigma-Aldrich) was dissolved in 4 mL distilled water in a glass vial and added dropwise into 10 g of Ludox Ò HS40 colloidal silica (SiO 2 , 40 wt% suspension in H 2 O, Sigma-Aldrich) under vigorous stirring. The resultant mixture was heated at 50°C and continuously stirred during which the reaction was allowed to proceed for 12 h. After cooling to room temperature, obtained white solid was crushed in a ceramic mortar and was placed into a quartz crucible with a cover for annealing. The crucible was heated to 550°C with a ramp rate of 4-5°C min -1 under Ar(g) flow and kept at this temperature for 2 h in a horizontal quartz-tube oven. As an alternative material, another mpg-C 3 N 4 sample was prepared using the same procedure, where the final annealing step was performed at 600°C for 2.5 h. Next, the yellow solid powders attained via these two similar protocols were reacted with 4 M, 200 mL of ammonium hydrogen difluoride (NH 4 HF 2 , 95 % Sigma-Aldrich) solution for 2 days to remove the silica template. Finally, obtained powders were repeatedly washed with water and ethanol subsequently in order to remove the residual reactants and were dried overnight at ca. 50°C in a vacuum oven. Resulting samples are named as mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 in the current text.
Structural Characterization
Crystal structures of the synthesized materials were determined via a Rigaku Miniflex X-ray diffractometer (XRD) equipped with Cu Ka radiation with k = 1.54 Å , operated at 30 kV and 15 mA. XRD patterns were recorded in the 2h range of 10-80°with a step width of 0.02°and a scan rate of 1.48 min
Fourier transform-infrared (FTIR) spectra were collected using a Bruker Tensor 27 spectrometer in the frequency range of 400-4000 cm -1 after preparing pellets of the synthesized powder materials via physical mixing with KBr(s).
X-Ray photoelectron spectroscopy (XPS) measurements were performed via a SPECS XP spectrometer (Germany) equipped with a PHOIBOS hemispherical energy analyser. A monochromatic Al Ka X-ray excitation (hm = 1486.74 eV, 350 W) source was employed in the XPS data acquisition. Binding energy (BE) calibration of the XP spectra were carried out with the help of the amorphous carbon C1 s signal located at 284.6 eV [15] .
The Brunauer-Emmett-Teller (BET) SSA measurements of the synthesized catalysts were determined by nitrogen adsorption-desorption isotherms using a Micromeritics Tristar 3000 surface area and pore size analyzer. Prior to SSA analysis, all samples were outgassed in vacuum for 2 h at 150°C. Also, pore size distributions of the materials were obtained by using the Barrett-Joyner-Halenda (BJH) method.
Solid-state Magic Angle Spinning (MAS) NMR experiments were performed at a 500 MHz Avance II Bruker NMR spectrometer. The 13 C and 15 N CPMAS spectra of the mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples were recorded by using a 4 mm triple resonance probe at 8 kHz MAS and room temperature. The cross-polarization (CP) experiments were set up with a ramp on proton channel, and the acquisitions were done under proton decoupling. 1 s of recycle delay was used for the 13 C and 15 N experiments with 1024-4096 scans, respectively. The chemical shifts were referenced externally to liquid ammonia at 0 ppm for 15 N chemical shifts, and by using adamantine at 38.48 ppm for the 13 C chemical shifts. Ultraviolet and visible (UV-Vis) absorption spectra of the investigated materials were recorded via a Varian Carry 300 UV-Vis double beam spectrophotometer with a 600 nm min -1 scan rate and 1 nm data interval over a wavelength range of 200-800 nm.
Photocatalytic Activity Measurements
Photocatalytic activities of the materials were investigated by photodegradation of ubiquitous model organic pollutants representing a variety chromophores [6] [7] [8] [16] [17] [18] [19] [20] . Along these lines, rhodamine B (RhB), methyl orange (MO), bromocresol purple (BCP), and methylene blue (MB) dyes were selected (Scheme 1). These dyes possess various chemical functional groups and enable the assessment of the activity of the currently synthesized photocatalytic architectures under UV and VIS illumination against different categories of organic dyes, namely rhodamine, azo, triarylmethane, and thiazine dyes; respectively [21] . For each of the model pollutants used in the current study, a concentration versus absorption (i.e. a calibration) curve was prepared in order to quantify the concentration of the model pollutants during the photodegradation process. Concentration ranges corresponding to the linear regimes of the calibration curves were utilized in the quantification studies. Furthermore, all of the photocatalytic activity results were benchmarked with respect to the commercial reference photocatalyst, Degussa P25 (Sigma-Aldrich).
In a typical photocatalytic degradation experiment [3, 4] , a suspension of mpg-C 3 N 4 powder in deionized water was prepared. After sonication of the prepared aqueous suspension for 20 min, an appropriate amount of dye (RhB, MO, BCP or MB) from its 60 mg L -1 stock solution was added to the mixture in order to have a final dye concentration of 10 mg L -1 . 8 mL (for UV studies) or 6 mL (for VIS studies) portions of these dye solutions were used during the photodegradation studies where final volume of the solutions were 48 mL (for UV studies) and 36 mL (for VIS studies). Before starting each degradation experiment, a 3 mL aliquot was collected immediately in order to calculate the initial dye concentration in the mixture. This is followed by the placement of the suspension in a home-made photocatalytic reactor. In order to monitor photocatalytic performances of the g-C 3 N 4 samples under UV or VIS irradiation, two different reactors were utilized. Photocatalytic activity measurement cells were equipped with UV or VIS irradiation sources, aircooling fans for temperature control and stirrers for continuous stirring. For the UV photocatalytic activity measurements, a Sylvania UV-lamp (F8 W, T5, Black-light, 8 W, 368 nm), while for the VIS photocatalytic activity measurements an Osram 35 W high intensity discharge lamp (metal halide lamp with ceramic burner, HCI-TC 35 W/942 NDL PB, 2000 lmol m -2 s -1 in 400-700 nm range) were used as the corresponding irradiation sources. Next, the suspension containing the dye and the photocatalyst was stirred under dark conditions at room temperature for 60 min in order to reach the adsorptiondesorption equilibrium. This dark period is critical for the elimination of measurement errors caused by the dye adsorption on the photocatalyst surface. Next, the suspension was continuously stirred (500 rpm) and irradiated under UV or VIS irradiation sources. Then, aliquots (3 mL each) from the irradiated suspension were extracted after various time intervals. These aliquots were centrifuged with a rate of 6000 rpm for 30 min, and the visible absorption spectra of the decant were obtained to calculate the remaining concentration of the dye in the suspension after a given duration of irradiation. For the calculation of the concentrations via UV-Vis measurements, calibration curve for each dye (R 2 = 0.9991 for RhB, R 2 = 0.9996 for MO, R 2 = 0.9981 for BCP, and R 2 = 0.9992 for MB dyes) were obtained, where the intensities of the dye absorption signal at a fixed wavelength (553, 451, 429 and 670 nm for RhB, MO, BCP, and MB dyes; respectively) were recorded as a function of known dye concentrations. Furthermore, similar control (i.e. blank) experiments using identical light sources and identical experimental conditions in the absence of a photocatalyst were also performed in order to measure the photochemical (i.e. non-photocatalytic) selfdegradation of the dyes in a quantitative manner. These latter values were used as the baseline in the quantification of the photocatalytic degradation studies.
Rate of photocatalytic degradation, r, could be expressed by the Langmuir-Hinshelwood (L-H) model [22] :
where k is the reaction rate constant, C is the dye concentration and K is the adsorption equilibrium constant. When the dye concentration is very small, this equation becomes:
where kK = k app (k app , apparent rate constant) and thus the rate of degradation obeys pseudo first order kinetics. Hence, the pseudo first order apparent rate constant (min -1 ) for degradation, k app , can be obtained from Eq. 3:
where, C 0 is the initial concentration and C is the concentration at a given time (t) of the dye. Then, k app can be derived from a plot of ln(C/C 0 ) versus t.
Results and Discussion

Characterization of the Synthesized mpg-C 3 N 4 Samples
In order to establish correlations between the photocatalytic activity of the synthesized photocatalysts and their structural properties, as-prepared mpg-C 3 N 4 samples were characterized in detail by using XRD, FT-IR, XPS, BET and solid-state MAS NMR techniques. Figure 1a presents the XRD patterns of the mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples revealing typical major diffraction peaks at 2h = 27.5°and 2h= 27.6°; respectively. These strong diffraction peaks can be readily assigned to (002) diffraction planes (JCPDS 87-1526) of g-C 3 N 4 corresponding to the characteristic interplanar stacking structure of the conjugated aromatic system [12, [23] [24] [25] . Using this information, interlayer stacking distance (d 1 ) for mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples can be calculated as 0.324 nm 0.323 nm; respectively (Scheme 2). These interlayer stacking distances are slightly smaller than that of the crystalline graphite (d = 0.353 nm) [11] and crystalline g-C 3 N 4 (d = 0.340 nm) [26] suggesting the presence of a higher packing density for mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600. It is rather difficult to detect the relatively minor g-C 3 N 4 characteristic diffraction peak (2h = 13.2°, associated with d 2 in Scheme 2) due to the (100) planes corresponding to intralayer/in-plane diffraction signals for mpg-C 3 N 4 -550 sample (Fig. 1a , inset); while this peak is readily visible for mpg-C 3 N 4 -600. Lack of this latter minor diffraction signal was also reported in the literature for relatively disordered mesoporous g-C 3 N 4 samples prepared by hard templates yielding a porous and a less-ordered microstructure [12, 25] . Using the 2h = 13.2°signal, a repeating distance of d 2 = 0.675 nm can be calculated which can be attributed to the in-plane structural repeating motifs (Scheme 2) of the aromatic system which is close to the related dimensions of a single tri-s-triazine unit (ca. 0.71-0.73 nm) [11, 23] . These observations are is in agreement with the formation of a g-C 3 N 4 structure. When GndCl is heated directly in air between 500 and 650°C these two characteristic diffraction peaks for g-C 3 N 4 sample appears simultaneously, while the intensity of the 13.0°peak increases, 27.3°peak shifts slightly to higher angles with the increasing temperature [9] . FTIR spectroscopy was also used to examine the vibrational characteristics and surface functional groups of the synthesized mpg-C 3 N 4 samples (Fig. 1b) . FTIR spectra corresponding to mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples exhibit rather similar features with broad and convoluted bands located at 3000-3500 cm -1 which can be ascribed to the N-H stretchings corresponding to the hydrogenation of the terminal nitrogen atoms in the mpg-C 3 N 4 structure (Scheme 2) or N-H functionalities located at the surface defect sites. Furthermore, the weak shoulder at [3500 cm -1 can be associated with O-H stretchings originating from adsorbed water molecules on the mpg-C 3 N 4 surface and/or hydroxyl functionalities on the terminal atoms or surface defects. IR absorption band at 1636 cm -1 in Fig. 1b can be ascribed to the C-N stretching modes, while four different strong vibrational features at 1247, 1315, 1423 and 1569 cm -1 correspond to the typical stretching modes of the C-N heterocycle [23, 27, 28] . The absorption band at 808 cm -1 can be attributed to the outof-plane ring bending modes of C-N heterocycles. The sharp and relatively weaker band around 2180 cm -1 can be assigned to the -C:N triple bond stretchings of cyano groups which are possibly formed at the defect sides or located at less ordered (i.e. amorphous-like) C x N y minority domains which are produced during the synthesis process [26, 28, 29] .
Surface chemistry and the functional groups existing on the mpg-C 3 N 4 surfaces were also investigated by XPS measurements (Figs. 2 , S1 ). Corresponding XP survey spectra ( Fig. S1 and Table 1) show that the mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples mainly include C and N elements with a relatively smaller contribution from O, along with minor F residues originating from the etching protocol used in the synthesis. As illustrated by the lack of any Si signals in the XPS survey scans given in Fig. S1 , silica template used in the synthesis could be completely removed after the etching process.
C1 s region of the XP spectra of mpg-C 3 N 4 ( Fig. 2a ) can be deconvoluted into four major features located at binding energy (B.E.) values of 284.6, 286.0, 288.3, and 289.7 eV which are labelled as C1, C2, C3, and C4 in Fig. 2a ; respectively. As can be seen in Scheme 2, there exists two different prominent C-containing functionalities in the ideal structure of mpg-C 3 N 4 (Scheme 2); both of which reveal themselves in the XPS results given in Fig. 2a . The most intense C1 s feature among these set of signals at 288.3 eV (i.e. C3) can be attributed to the sp 2 -hybridized s-triazine aromatic ring carbon, (-N-) 2 -C=N [30, 31] . The smaller C1 s signal located at 286.0 eV (i.e. C2) is assigned to sp 2 -hybridized s-triazine aromatic ring carbon coordinated to the terminal amino group, N-C(-NH 2 )=N [30, 32, 33] . Furthermore, C1 s feature labelled as C1 in these set of signals positioned at 284.6 eV is not likely to be associated with the mpg-C 3 N 4 structure and can be ascribed to the C-C or C=C functionalities present in the graphite/amorphous carbon/C x N y H z -like disordered minority domains [30, 34] . Finally a fourth C1 s feature (i.e. C4 in Fig. 2a) is also observed at 289.7 eV for the mpg-C 3 N 4 -600 sample which can be assigned to a group including a highly oxidized C species such as CO 3 2- [34] . Note that although vibrational spectroscopic signatures of these minor carbonate functionalities are expected to be observed within 1200-1500 cm -1 in the dotted FT-IR spectrum presented Fig. 1b , they are not readily discernible in Fig. 1b . It is highly probable that these minor vibrational features are strongly overwhelmed by the intense mpg-C 3 N 4 features overlapping with the carbonate IR bands appearing in this frequency region. 27.5 (002 )
Wavenumber (cm Fig. 2b reveal three distinct N1 s states located at 399, 400.7, and 404.7 eV which are labelled as N1, N2, and N3 in Fig. 2b ; respectively. The most intense N1 s feature at 399.0 eV (i.e. N1) in Fig. 2b can be assigned to the sp 2 -hybridized s-triazine aromatic ring nitrogen, C=N-C [30, 35] . On the other hand, the second mpg-C 3 N 4 -related N1 s deconvolution feature in Fig. 2b appears at 400.7 eV (i.e. N2) which can be attributed to the bridging/interlinking sp 2 -hybridized nitrogen connecting s-triazine rings, N(-C-) 3 [30, 36] . It should be considered that there may be multiple types of interlinking nitrogen species connecting the s-triazine rings such as the N atom inside a single tri-s-triazine group or an N-atom connecting three different tri-s-triazine groups. Note that relatively minor N1 s signal associated with the sp 3 -hybridized terminal amino group nitrogen species (-C-NH 2 ) in the mpg-C 3 N 4 structure is also possibly overlapping with the more dominant N(-C-) 3 signal labelled as N2 in Fig. 2b [30, 36] . Therefore, as can be seen in Fig. 2b and Table 1 , it is reasonable to observe a broader FWHM value for the N2 feature. Remaining mpg-C 3 N 4 -related N1 s feature (labelled as N3 in Fig. 2b ) located at 404.7 eV is likely to arise from -NO x functionalities due to contamination. XPS analysis of the mpg-C 3 N 4 -600 sample (Fig. 2a , b top spectra) reveals some similarities to that of the mpg-C 3 N 4 -550 sample such as the presence of C1-C3 and N1-N3 signals in both samples; while significant spectral differences between these two samples can also be readily recognized. These dissimilarities can be analyzed in more depth by calculating the relative percent surface atom (%At.) concentrations (Table 1) for these two samples, which can be obtained by normalizing the integrated XPS signals for different C1 s and N1 s states with their corresponding photoemission cross-section factors. These results indicate that increasing the polycondensation temperature used in the synthetic protocol from 550 to 600°C leads to a visible decrease in the relative At. % values of C3 (i.e. C atoms inside the s-triazine rings of mpg-C 3 N 4 , (-N-) 2 -C=N) and N2 (i.e. bridging/interlinking nitrogen connecting s-triazine rings, N(-C-) 3 C) signals, along with a less significant but a detectable decrease in the N1 At. % value originating from s-triazine aromatic ring nitrogen, C=N-C. Moreover, at 600°C, the relative At. % value of the C1 signal due to C-C or C=C functionalities present in the graphite/amorphous carbon/C x N y H z -like disordered minority domains also increases.
These observations suggest that at 600°C, interlinks between s-triazine rings in the mpg-C 3 N 4 2D-structure are partially disconnected to form smaller patches/islands of mpg-C 3 N 4 . Furthermore, it is apparent that this higher synthesis temperature also results in the cleavage of (-N-) 2 -C=N linkages inside the s-triazine rings of the mpg-C 3 N 4 structure. Besides, it is likely that the higher synthesis temperature also increases the relative amount of s-triazine aromatic ring C atoms which are coordinated to terminal amino groups, N-C(-NH 2 )=N. In other words, terminations of the mpg-C 3 N 4 patches may become more defective at 600°C and deviate more significantly from the ideal representation given in Scheme 2. In addition, the relative amount of graphite/amorphous carbon/C x N y H z -like disordered minority domains increases at 600°C. Complementary analysis of these structural findings suggest that increasing the synthesis temperature from 550 to 600°C leads to partial breaking of the s-triazine interconnections and aromatic ring opening which in turn results in the formation of defective and smaller 2D islands of s-triazine groups which also co-exist with an increasing amount of graphite/amorphous carbon/C x N y H z -like disordered domains.
It is worth mentioning that although XPS data discussed in the light of the results given in Fig. 2 and Table 1 suggest that mpg-C 3 N 4 -600 sample exhibits important structural variations and a more defective nature than that of the mpg-C 3 N 4 -550 sample; both of these samples can still be predominantly characterized as mpg-C 3 N 4 -600 sample. This becomes more clear when the total C1 s percent surface atomic concentration (At. %) values (i.e. At. % (C3) ? At. % (C2) given in Table 1 ) originating from the mpg-C 3 N 4 structure is compared to that of the N1 s At. % values originating from the mpg-C 3 N 4 structure (i.e. At. % (N1) ? At. % (N2) given in Table 1 ). It is clear that the stoichiometry of the ideal mpg-C 3 N 4 structure implies a C/N atom ratio of ca. 0.75. Calculation of the following C/N atom ratio via XPS data given in Table 1 :
reveals a C/N atom ratio of ca. 0.8 for both mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples. This observation is in agreement with the fact that both samples are dominated by mpg-C 3 N 4 -structures as evident by the similar XRD (Fig. 1a) and FTIR (Fig. 1b) characteristics. Specific surface area (SSA) values and the porosity of the mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples were also investigated in order to shed light on the structural differences between these two different photocatalysts. Typical N 2 adsorption-desorption isotherms and the corresponding pore size distribution curves for these samples are shown in Figs. 3a ,b; respectively. Based on the corresponding shapes of the curves, isotherms given in Fig. 3a can be identified as type-IV isotherms [9, 13, 14, 37, 38] . The hysteresis loop of the mpg-C 3 N 4 -550 can be classified as H2-type indicating the presence of ''ink-bottle'' (i.e. pores comprised of narrow necks and wide bodies) shaped mesopores [38] . In contrast, the hysteresis loop of the mpg-C 3 N 4 -600 material can be classified as H3-type revealing the existence of ''plate-like particles'' with ''slit-shaped'' mesopores [38] .
SSA values of the mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples were determined via BET method and found to be 182 and 155 m 2 g -1 ; respectively. In agreement with the characterization results discussed above, high temperature synthesis carried out at 600°C, results in the partial destruction of the ordered 2D/planar/layered structure of the mpg-C 3 N 4 and leads to the agglomeration (i.e. clustering/sintering), defect formation and production of graphite/amorphous carbon/C x N y H z -like secondary domains which in turn results in a decrease in the SSA as compared to that of 550°C.
Pore diameter distributions (Fig. 3b) were also calculated using the Barrett-Joyner-Halenda (BJH) method where the modified Kelvin equation was utilized in order to relate the amount of adsorbate removed from the pores of the material to the size of the pores, as the relative pressure (P/P 0 ) is decreased from a high value to a lower value. Pore size distribution curves shown in Fig. 3b show that mpg-C 3 N 4 -550 material has a very narrow pore diameter distribution which can be characterized by the presence of primarily a single type of pore with an average pore size of Top Catal (2016) 59:1305-1318 1311 ca. 9 nm. On the other hand, pore-size distribution of the mpg-C 3 N 4 -600 material exhibits a bimodal character, revealing the presence of at least two different types of pores with average pore sizes of ca. 13 and 24 nm. In the light of the XPS results discussed above, it is likely that the former average pore size (13 nm) of the mpg-C 3 N 4 -600 sample can be associated with defective mpg-C 3 N 4 patches with partially broken interlinking N-(-C 3 -) functionalities where the second average pore size value may be due to the presence of a secondary graphite/amorphous carbon/C x-N y H z -like domains. Relatively lower specific surface area and the significantly broader pore size distribution (5-70 nm) of mpg-C 3 N 4 -600 with a bimodal character indicating the presence of both mesopores (2-50 nm) as well as a smaller number of macropores ([50 nm) is in good agreement with the co-existence of defective mpg-C 3 N 4 domains together with the presence of graphite/ amorphous carbon/C x N y H z -like secondary domains [10, 39] . Since solid state MAS NMR is a powerful technique to identify chemical nature of solid materials [40] [41] [42] [43] , this technique was also utilized to further investigate mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples, as shown in Fig. 4a, b . Two prominent resonances were observed in the 13 C CPMAS spectra of the both of the mpg-C 3 N 4 samples (Fig. 4a) . The 157-164 ppm chemical shifts are indicative of two common carbon sites (-N-) 2 -C=N and N-C(-NH 2 )=N [44] [45] [46] [47] [48] . Besides these major signals, two other very low-intensity peaks located at ca. 151-171 ppm are also visible. These peaks can be tentatively attributed to the decomposed ring species. However, a multidimensional NMR investigation is required for the final assignment of these low-intensity peaks. Note that the resonance signals labelled with asterisk (*) in Fig. 4a are spinning side bands originating from the major signals.
The 15 N CPMAS spectra of the two samples are shown in Fig. 4b . The signals in these spectra are broader compared to resonances in typical melem or melamine spectra. This could indicate a structural heterogeneity in the studied samples with dissimilar chemical sites or different conformations. Although the low sensitivity of the CP NMR in the currently studied samples hampers the S/N, these results can still be evaluated in a qualitative manner. While mpg-C 3 N 4 -550 and mpg-C 3 N 4 -600 samples show quite similar 15 N CPMAS spectra, there exist noteworthy differences [44, 47] . Moreover, relative intensities of the resonances at ca. 110, 136, and 190 ppm differs slightly indicating the composition differences in the studied two materials. The intense chemical shift observed at *136 ppm was reported to be a characteristic resonance of tri-s-triazine species [47] . Even though 15 N CPMAS chemical shifts observed in the spectra given in Fig. 4b resemble that of the pure melem and melamine, there exists differences in resonance shifts which can be associated to the chemical structure variations in the studied materials compared to the pure monomeric species due to different ring structures or different substitution of the functional groups at the terminal or ring sites [47, 48] .
Photocatalytic Performance
Photocatalytic performance of the samples was evaluated by the photocatalytic dye (i.e. RhB, MO, BCP, and MB) degradation studies under UV and VIS light illumination as displayed in Figs. 5, 6 , 7, S2. Furthermore, photodegradation experiments with a commercial Degussa P25 benchmark catalyst as well as additional control experiments in the absence of any catalysts were also performed. It must be noted that the degradation of RhB dye under VIS-light irradiation in the absence of a photocatalyst is negligible, however in the presence of UV light irradiation, a notable degradation was observed (Fig. 5b, c) .
Since RhB is one of the most commonly used organic dye molecules in the former discoloration studies in the literature, it was selected as the model pollutant in order to determine the optimum catalyst loading under visible light irradiation. Currently synthesized mpg-C 3 N 4 -550 sample was chosen to compare the current photocatalytic activity results to other g-C 3 N 4 -550 materials formerly reported in the literature [14] . Typical variations in the absorption spectra of RhB after various durations of visible light irradiation in the presence of 25 mg of mpg-C 3 N 4 -550 is presented in Fig. 5a . Decoloration efficiency of the catalyst as a function of mpg-C 3 N 4 -550 loading was determined by calculating the decrease in the RhB concentration using the attenuation in the intensity of the absorption maximum of the dye solution (Fig. 5b ). Figure 5 also illustrates that the photocatalytic degradation performance monotonically increases with the increasing catalyst loading. It should be emphasized that decoloration activity of the currently synthesized mpg-C 3 N 4 -550 sample is much higher than most of the corresponding literature studies, where g-C 3 N 4 was synthesized via thermal polycondensation method using various precursors including GndCl [9, 49] , melamine [13] and urea [50] . It is also worth mentioning that the decoloration of the RhB solutions with mpg-C 3 N 4 -550 demonstrated in Fig. 5a cannot be attributed to adsorption (i.e. a non-catalytic) process, since the RhB absorption signal intensity does not change under dark conditions during the first 60 min before the activation of the excitation source.
As the RhB degradation under VIS light in the presence of 50 mg of mpg-C 3 N 4 -550 is extremely fast, execution of the relatively slower (i.e. time consuming) sampling and spectroscopic characterization steps becomes experimentally challenging. In order to circumvent this practical difficulty and be able to collect a greater number of experimental data points for chemical kinetics analysis, a catalyst loading of 25 mg was utilized in the photocatalytic performance experiments presented in the rest of the text.
Photocatalytic activity of the mpg-C 3 N 4 -550 (25 mg) sample was also evaluated under UV-light irradiation (k = 368 nm) in comparison to that of the commercial Degussa P25 benchmark catalyst (Fig. 5c ). According to these results, mpg-C 3 N 4 -550 presents a lower RhB degradation performance than that of the Degussa P25 catalyst. These observations are in line with the relatively lower typical electronic band gap of g-C 3 N 4 materials (e.g. 2.7 eV) rendering them more efficient photocatalysts under VIS-irradiation rather than UV-illumination (Fig. 5d) .
Photocatalytic RhB degradation performance of mpg-C 3 N 4 under VIS-light was also studied for samples which were prepared at 600°C (i.e. mpg-C 3 N 4 -600). Figure 6a , b show the evolution of the absorption spectrum obtained during such studies for two different loadings (25 and 18 mg; respectively) of the mpg-C 3 N 4 -600 photocatalyst. The initial mpg-C 3 N 4 -600 catalyst loading (Fig. 6a,  25 mg) was preferred in order to be able to compare these results with that of the mpg-C 3 N 4 -550 sample (Fig. 5a , 25 mg) while the second loading (18 mg) enables the direct comparison of the currently synthesized mpg-C 3 N 4 -600 sample with an earlier study in the literature [9] . As shown in Fig. 6a , it is obvious that the main absorption band at around 553 nm almost completely disappears after 5 min of VIS light illumination of the RhB solution containing the mpg-C 3 N 4 -600 photocatalyst. In contrast, a similar extent of decoloration takes ca. 20 min for mpg-C 3 N 4 -550 (Fig. 5a ). Considering the fact that mpg-C 3 N 4 -550 has a higher SSA value (182 m 2 g -1 ) than that of the mpg-C 3 N 4 -600 sample (155 m 2 g -1 ), it is evident that the significantly higher photocatalytic decoloration activity of the latter catalyst cannot be directly correlated to its BET specific surface area but rather associated to its unique surface chemistry and functional groups. It is worth emphasizing that the illumination power of the VIS-light source used in the current study (35 W) is almost an order of magnitude lower than that of the typical excitation sources used in comparable former studies (e.g. 300 W [5] and 500 W [33] ) where mpg-C 3 N 4 materials were synthesized via a GndCl precursor. In other words, currently synthesized mpg-C 3 N 4 -600 photocatalysts significantly surpasses the activity of the existing mpg-C 3 N 4 photocatalysts in the literature. This is particularly evident when the attenuation of the RhB signal under 35 W VISlight on 18 mg of the mpg-C 3 N 4 -600 photocatalyst is monitored over time (Fig. 5b ) in comparison to a former study employing comparable RhB dye concentrations and comparable catalyst loadings [9] illuminated with 300 W VIS-light [9] . While Fig. 5b clearly shows that almost all of the RhB signal is lost in the first 10 min over mpg-C 3 N 4 -600, ca. 27 % of the RhB continues to survive on the mpg-C 3 N 4 used in Ref. five even after 20 min of VIS light exposure [9] .
On the other hand, the photocatalytic activity of the mpg-C 3 N 4 -550 sample was also studied in the photodegradation of other model organic dyes (MO, BCP, and MB) under both visible and UV light illumination. Figure 7a illustrates that currently synthesized mpg-C 3 N 4 photocatalysts can also degrade dyes other than RhB having dissimilar chemical functional groups. Figure 7a suggests that for MO (10 mg L -1 ) degradation under VISillumination, 25 mg mpg-C 3 N 4 -550 can outperform 25 mg Degussa P25 while under UV illumination this trend is reversed. Similar experiments performed with MB (data not shown) revealed that MB poisons all of the mpg-C 3 N 4 catalysts revealing no detectable activity. Photocatalytic BCP degradation performance of mpg-C 3 N 4 -550 under UV and VIS-light results were also represented as supporting information in Fig. S2 . It should be noted that 50 mg mpg-C 3 N 4 -550 sample presents a comparable BCP dye (10 mg L -1 ) degradation performance under VIS-light irradiation to that of the 50 mg Degussa P25 catalyst. The lower activity of mpg-C 3 N 4 catalysts towards the degradation of MB and BCP is most likely due to the strong adsorption of these dye molecules on the active sites of the photocatalyst in an irreversible manner, rendering the photocatalyst surface poisoned.
The reusability of the photocatalyst is an important factor for the practical applications targeting to the photodegradation of organic contaminants in water. Among all of the investigated samples mpg-C 3 N 4 -550 (25 mg) was selected to demonstrate the reusability performance for RhB, MO, and BCP dyes (Fig. 8) due to its slower kinetics than that of the more active mpg-C 3 N 4 -600 sample allowing the acquisition of a greater number of kinetic data points. For this purpose, by using the identical experimental conditions described above, photocatalytic performance studies were repeated for multiple successive catalytic runs. During these successive runs, photocatalysts were re-collected/isolated from the dye solutions after specific durations (i.e. after 20 min for RhB and after 3 h for MO and BCP) and directly used in the next catalytic run. It is observed that the mpg-C 3 N 4 -550 exhibits a stable RhB dye degradation performance without a significant loss of activity after three consecutive reaction cycles (Fig. 8a) . However, photocatalytic efficiency decreases after the first measurement for MO and BCP dyes ( Fig. 8b, c ; respectively).
Conclusions
Mesoporous graphitic carbon nitride (mpg-C 3 N 4 ) structures were synthesized by a facile template assisted method by utilizing the thermal polycondensation reaction of guanidine hydrochloride (guanidinium chloride, GndCl) at two different temperatures (i.e. 550-600°C). Surface and structural properties of the synthesized mpg-C 3 N 4 samples were characterized in detail via XRD, BET, FT-IR, XPS and solid-state MAS NMR. Currently synthesized mpg-C 3 N 4 photocatalysts were found to be significantly active in the degradation of various model organic dye molecules such as rhodamine B (RhB), methyl orange (MO) and bromocresol purple (BCP) under low-power VIS light illumination surpassing former results in the literature. Enhanced activity of the currently synthesized mpg-C 3 N 4 -600 catalyst was attributed to its defective structure comprised of partial destruction of the interlinking-N functionalities connecting tri-s-triazine rings. In addition, this enhanced performance can also be associated to the partial removal of the interlinking N atoms inside the tri-striazine rings resulting in the formation of smaller 2D patches of defective and agglomerated mpg-C 3 N 4 domains, synergistically co-existing with graphite/amorphous carbon/C x N y H z -like secondary domains. 
